Abstract. Scanning electron beams and X-ray producing electron beams over large areas is critical in a number of technical areas. We have combined a Nested High Voltage Generator (NHVG) operating at 1.15 MeV, a linear scanning system as originally proposed by Cleland, and a new collimator design to create a unique system for producing transmission and backscatter X-Ray images. The NHVG is a DC accelerator with features of low ripple and efficient operation at medium power and it is used in this equipment. Images can be produced through 4 -5 inches of steel, and backscatter images can also be produced. The scanning system is uniquely small, and it is capable of producing uniform irradiation over large volumes. We will describe the equipment and its performance.
INTRODUCTION
Over the last 10 years, we have developed an accelerator technology using multiple layers of liquid/solid insulation known as the "Nested High Voltage Generator" (NHVG) 1 . An interesting and timely use of this technology is its application to X-ray inspection for security applications. We combine the NHVG and linear scanning technology 2 with a new collimator design to create the system described herein.
GENERAL REQUIREMENTS FOR X-RAY INSPECTION
The system we developed was designed for large airport cargo pallets (2.2 X 3 meters X 3 meters high). Our requirement was to have two transmission images, and a backscatter image. In a backscatter image we measure the Compton scattered X-rays from a pencil beam of X-rays. This gives us an image of the closest part of the image for reference, and it is also useful for items hidden in the nearest part of the package. In order to create a backscatter image, a pencil beam (as opposed to a fan beam) must be used, and the requirements for electron beam power increase.
We selected an upward view (beam at the bottom, detectors at the top) because the best spatial resolution is nearest to the X-Ray source. This corresponds to the configuration of a pallet in which it is most likely to have the heaviest cargo loaded towards the bottom.
System Description
A side view of the Beam/X-ray system is shown in Figure 1 . The Nested Generator is on the left, and the beam comes from the center, and around a bend magnet. Two additional quadrupoles are provided for focusing, as well as steering magnets. The deflection to the X-ray target is made by a series of deflection magnets.
Electron Source Requirements for Scanning X-ray Inspection
In order to penetrate a 12 cm thick steel plate with a pencil beam, we required at least 0.6 mA at 1 MeV. In order to create a 100 pixel image we require 500 distinct beam spots in the image, or a beam smaller than 2.2 m/500 points = 4.4 mm.
We built a 1 MV NHVG to provide an electron beam for this application. The beam must be capable of transport from the last focusing point just after the bend magnet to the end of the system with a preferred beam diameter of < 4.4 mm. The divergence must therefore be less than 2.2 mm/4 meters = 5.5*10 -4 Radians if there is no focus in the beam path. If there is a focus in the beam path the divergence may be as high as 1.5*10 -3 Radians. The net emittance (un-normalized) is therefore of order 0.3 mR-cm. The beam spot size is not temperature limited. In practice, the system is limited by the aberrations in the beam optics. These aberration requirements are rendered severe by the practical constraints on our system discussed below. The linear scanning geometry is shown in Figure 1 . The beam is produced from a Wehnelt-style cathode assembly, and it is accelerated to 1.15 MV in 29 sections at an average voltage of 40 kV/section. The accelerator is vertical in order to make handling of bubbles in the accelerator oil easier, and in order to help minimize the net size of the system.
Scanning Magnets
The beam is bent 90 degrees in order to enter the scan chamber. It is then bent sequentially by a sequence of 23 magnets. The bend sequence is generated by a combination of time varying and position varying fields. Starting from the far end, the magnets are sequentially turned on to create a scan. At any time 4 magnets are on with varying values of magnetic field. The sequence of magnet timing is locked in time to the ripple of the NHVG (estimated at about 0.2%).
X-Ray Systems
The collimator is directly above a gold foil struck by the electrons. X-rays are produced by Bremstrahlung, and collimated by a 30 cm thick block of steel lined with lead. The steel block collimates with an array of 3 mm (scan direction X 6 mm wide (conveyor direction) holes. X-rays created at the anode at a given spot are collimated by the collimator so that a moving pencil beam is created. The X-ray flux is sensed by a single plastic scintillator coupled to photmultipliers.
We measure the X-ray attenuation by recording the signal in the absence and presence of the pallet. The pallet is moved out of the page in Figure 1 by a pair of conveyors in front of and behind the scan chamber.
PERFORMANCE
The best images were judged qualitatively, and by penetration, and they were found to occur at 1.15 MV and 0.35 mA. The NHVG was able to produce the higher voltage without difficulty. The beam current was varied from 0.1 -1.0 mA, in order to find this optimum. This is believed to be due to the presence of aberrations at higher currents in the gun. 
M E V S C A N V A C U U M C H A M B E R E L E C T R O N B E A M N H V G G O L D T A R G E T D E F L E C T IO N M A G N E T S B E N D IN G M A G N E T G R A D IE N T M A G N E T Q U A D R U P O L E M A G N E T S X -R A Y P E N C IL B E A
M + - -+ P A L L E T L A T E R A L M A G N E T
C O L L IM A T O R
By angling the final deflection magnets at 45 degrees, we were able to create a focus at the target in the conveyor direction (direction transverse to the scan) and so avoid losing any electron beam (and therefore X-ray) flux.
The system was tested and demonstrated to be capable of penetrating up to 12.7 cm of steel. This is much greater penetration than required for the majority of aircraft cargo. The accelerator and system were tested for a 3 week continuous run without down time. The beam focus and position were found to be reproducible and reliable. No changes were required to the beam optical system during that period of time.
We show a transmission image of the front half of a van which was run through the system in Figure 2 . The equivalent backscatter image is shown in Figure 3 .
These images are unique in that the dose required to create these images is only 60 microrem. The equipment satisfies the cabinet X-ray requirementseven without a barrier on the tunnel entrance.
CONCLUSIONS AND ION MACHINES
The linear scanning system combined with the NHVG has been demonstrated to be effective in creating X-ray images. The images have useful penetration while producing a minimal radiation dose.
In addition to the electron machines built, we have built two ion machines with Penning ion sources at the terminal. The energies are 500 kV for these machines, and the currents range from 20 -500 uA. We have been able to configure these machines for simple operation with most electronics at ground potential.
